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Abstract: Photoacoustic imaging is a promising technique to provide guidance during multiple
surgeries and procedures. One challenge with this technique is that major blood vessels in the
liver are difficult to differentiate from surrounding tissue within current safety limits, which
only exist for human skin and eyes. In this paper, we investigate the safety of raising this limit
for liver tissue excited with a 750 nm laser wavelength and approximately 30 mJ laser energy
(corresponding to approximately 150 mJ/cm2 fluence). Laparotomies were performed on six
swine to empirically investigate potential laser-related liver damage. Laser energy was applied
for temporal durations of 1 minute, 10 minutes, and 20 minutes. Lasered liver lobes were excised
either immediately after laser application (3 swine) or six weeks after surgery (3 swine). Cell
damage was assessed using liver damage blood biomarkers and histopathology analyses of 41
tissue samples total. The biomarkers were generally normal over a 6 week post-surgical in vivo
study period. Histopathology revealed no cell death, although additional pathology was present
(i.e., hemorrhage, inflammation, fibrosis) due to handling, sample resection, and fibrous adhesions
as a result of the laparotomy. These results support a new protocol for studying laser-related
liver damage, indicating the potential to raise the safety limit for liver photoacoustic imaging
to approximately 150 mJ/cm2 with a laser wavelength of 750 nm and for imaging durations up
to 10 minutes without causing cell death. This investigation and protocol may be applied to
other tissues and extended to additional wavelengths and energies, which is overall promising for
introducing new tissue-specific laser safety limits for photoacoustic-guided surgery.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photoacoustic imaging is typically implemented with a laser that irradiates biological structures
of interest, resulting in a temperature rise that causes thermal expansion and a subsequent
acoustic pressure wave that is sensed by an ultrasound probe [1–4]. This imaging approach was
successfully demonstrated for a wide range of clinical applications including brain functional
imaging [5–7], breast cancer detection [8–10], skin lesion diagnosis [11–13], and tumor therapy
guidance [14–16]. Photoacoustic imaging has additional potential to guide a range of surgeries
and procedures, including biopsy [17,18], interventional discrimination of nerves and tendons
[19], spinal fusion surgery [20,21], liver surgeries [22], cardiac catheter-based interventions
[23], hysterectomies [24], endonasal transsphenoidal surgeries [25–27], fetal surgeries [28], and
robotic surgeries [25].

Laser safety is one of the most important biohazard considerations for photoacoustic imaging.
Currently, the American National Standards Institute (ANSI) limits the maximum permissible
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exposure (i.e., pulse energy per unit area) to 20-100 mJ/cm2 for laser wavelengths ranging
400-1500 nm [29]. However, one limitation for the wide variety of possible photoacoustic
applications is the absence of tissue-specific laser safety limits [30]. Safety limits are currently
only defined for skin and retinal tissue, and the community generally uses these guidelines to
develop safety protocols for other tissues. While the extrapolation of this guideline is typically
not a problem, there are some interventional photoacoustic applications that would be regarded as
unsafe (i.e., above the safety limit for skin) when operating under this extrapolation. For example,
imaging of deep-seated targets (including targets such as the bladder [31], prostate brachytherapy
seeds [14–16], and major blood vessels in the liver [22]) results in increased fluence attenuation,
increased optical scattering, and decreased photoacoustic signal-to-noise ratios [1,31]. Therefore,
the expansive potential for surgical and interventional guidance with photoacoustic imaging
remains challenging under the current safety limits.

In this paper, we present an empirical methodology to assess laser-related tissue damage and
offer the opportunity for increased energy limits to improve photoacoustic image contrast. We
focus on liver surgical guidance, following previous work from our research group. Specifically,
Kempski et al. [22] conducted the first known in vivo interventional photoacoustic liver imaging
study and demonstrated an energy requirement of 30 mJ (which corresponds to a fluence of 152.6
mJ/cm2) with 750 nm wavelength. These requirements were chosen because they were previously
shown to sufficiently differentiate between the focused photoacoustic signal originating from a
major blood vessel in the imaging plane and the more diffuse photoacoustic signals originating
from background liver tissue [22]. However, these requirements exceed the ANSI safety limit
of 25.2 mJ/cm2 for skin at 750 nm wavelength. This energy was required to visualize and
distinguish major blood vessels in the liver with sufficient contrast and characteristic features.
Over an imaging duration of 40 minutes, with energies ranging from 20 to 40 mJ, significant
liver damage (i.e., necrosis and hemorrhaging) was observed after a histopathological analysis of
the imaged tissue. Considering that this was an exploratory study with time durations and laser
energies that exceeded expected technological requirements, the level of tissue damage could
be mitigated and possibly eliminated under more constrained time durations and laser energy
conditions that are representative of an actual surgical guidance scenario. Therefore, the purpose
this paper is to provide quantitative and qualitative assessments of the effects of approximately
30 mJ laser energy applied to in vivo liver tissue for temporal durations ranging 1-20 minutes.
Results are based on biomarkers and histopathological analyses. A swine animal model was
utilized for this empirical study, considering the similarity of optical and thermal liver properties
to those of human livers [22].

The remainder of this paper is organized as follows. Section 2 describes Monte Carlo simulation
methods to support our motivation, empirical and surgical procedures, and tissue processing
techniques. Section 3 presents laser fluence profiles from the Monte Carlo simulations, results
from biomarker analyses, and cell damage profiles from histopathology analyses. Section 4
discusses our findings and their implications for photoacoustic guidance of liver surgeries, and
Section 5 summarizes our final conclusions.

2. Methods

2.1. Simulated skin and liver fluence profiles

To demonstrate differences in light propagation through skin and liver tissues and justify
establishing different laser safety limits for these unique tissues, 3D Monte Carlo simulations [32]
were performed with optical properties summarized in Table 1. The Monte Carlo simulations
were conducted with a 1 cm × 1 cm × 1 cm cubic voxel of either human skin, human liver, or
swine liver tissue with a resolution cell of 100 µm in each dimension. Light was propagated
from a 5 mm-diameter fiber bundle with 750 nm wavelength placed at the center of the cube on
one surface. A 2D slice parallel to the light propagation direction was taken at the center of the
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cubic voxel to view the laser fluence profile at this cross section where fluence is expected to be
the greatest. The run time for each simulation was 10 minutes. The flunce was quantified within
a tissue depth up to 0.2 cm within this selected plane to assess relative fluence differences.

Table 1. Optical properties modeled with Monte Carlo simulations

Absorption
(mm−1)

Scattering
(mm−1) Anisotropy Reference

Human Skin 0.5 100 0.8 [33]

Human Liver 0.5 6.5 0.78 [34]

Swine Liver 0.1 7 0.9 [35]

2.2. Empirical assessment of in vivo livers exposed to laser energy

The following studies were approved by the Johns Hopkins University Institutional Animal Care
and Use Committee. Six female Yorkshire swine (26.4-40.4 kg) were subject to a combination of
survival and non-survival laparotomies. During each laparotomy, the swine was anesthetized
and subsequently intubated to provide gas anesthesia throughout the surgery. A midline incision
exposed the abdominal organs. Table 2 summarizes the laser application duration and number
of planned laser application sites per swine. Specifically, Swine 1-3 each underwent one
non-survival laparotomy, while Swine 4-6 each underwent one survival laparotomy followed by
a non-survival laparotomy after a 6-week recovery period.

Table 2. Summary of laser application duration per
experimental site and the intended number of sites (with one

site defined as one location on a liver lobe) for the non-survival
surgeries (Swine 1-3) and the survival surgeries, followed by
non-survival surgeries after 6 weeks of recovery (Swine 4-6).

Laser Duration per
Site

Number of
Sites

Recovery
Period

Non-Survival
(Swine 1-3)

20 min 2
No Recovery10 min 2

1 min 2

Survival
(Swine 4-6)

10 min 4
6 Weeks

1 min 2

Laser energy was applied to the surface of multiple liver lobes during the non-survival
laparotomies performed on Swine 1-3 and the survival laparotomies performed on Swine 4-6.
The applied laser energy per pulse was maintained at approximately 30 mJ, based on previous
reports of energy requirements for useful photoacoustic signal visualization [22]. A 5 mm-
diameter fiber bundle was connected to a Phocus Mobile laser (Opotek, Carlsbad, CA, USA) to
deliver this output energy with a 5 ns pulse width and 10 Hz repetition rate. The laser duration
was either 1 minute, 10 minutes, or 20 minutes, as reported in Table 2, following our expectations
for possible imaging time durations during surgical guidance. The beam profile was expected to
be a top hat geometry, but a qualitative post-study analysis of the beam geometry indicated that
there was potentially at least one hot spot within the beam geometry.

Due to changes in the system operating temperature, the laser output energy varies over time.
In order to monitor and compensate for these fluctuations in energy, a custom command-line
interface was employed to adjust and record laser energies in real-time. Specifically, calibration
between the internal power meter and an external power meter was performed prior to the start of
the procedure, and the internal power meter was used throughout the duration of the study to
adjust and record laser energies in real time.
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The recovery periods for the six swine were chosen based on prior work [22,36]. In particular,
Swine 1-3 were euthanized immediately after laser application, and the lasered liver tissues were
resected for histopathological analysis. These experiments were conducted to directly compare
with tissue damage results described by Kempski et al. [22], which were obtained immediately
after photoacoustic imaging during surgery. Swine 4-6 underwent a six-week recovery period,
which was chosen in order to observe possible liver regeneration from thermal damage, with
consideration that Bosman et al. [36] reported swine liver regeneration and recovery from
thermal damage after four weeks. The non-survival laparotomy was performed on these swine
after the recovery period in order to resect lasered liver lobes for evaluation. Blood from Swine
4-6 was drawn bi-weekly to assess inflammation biomarkers for severe liver damage throughout
recovery. These chronicity studies for Swine 4-6 were designed to determine possible longer-term
effects of healing (or damage) from laser application.

2.3. Tissue marking and resection strategies

The lasered locations within Swine 1-3 were marked with histology tissue marking dye (Richard-
Allen Scientific, San Diego, CA), immediately after laser application and tissue resection, as
shown in Fig. 1(a). For Swine 4-6, a bio-compatible tissue marking strategy was required to
ensure that the lasered locations could be identified after six weeks, which precluded the use of
tissue dye and instead required anatomical landmarks. Therefore, a line of suture was placed to
act as a reference landmark on each liver lobe. The laser location was then measured to be a
perpendicular distance ranging 3-4 cm from the sutured line to ensure the laser application site
was free from inflammation due to suturing. The specific distance for each lobe was recorded
at the time of laser application. An example of the suture and laser tip placement is shown in
Fig. 1(b). After euthanization of Swine 4-6, the entire liver was removed from the abdominal
cavity and the laser sites were marked with tissue dye using the reference landmarks identified in
the first laparotomy. At the conclusion of the non-survival surgery for each of the six swine, a
control tissue sample was resected from a liver lobe that was not lasered.

Fig. 1. Demonstration of the marking strategies implemented for (a) non-survival and (b)
survival swine. For non-survival swine, tissue dye was directly applied to the resected
liver immediately after each laser application. For survival swine, the laser location was
marked by measuring a specific distance (e.g., 3-4 cm) from a suture placed during the first
laparotomy.

2.4. Liver damage assessments

2.4.1. Biomarkers

Six biomarkers were measured from the blood samples: (1) albumin to globulin ratio (A/G
ratio); (2) alanine aminotransferase (ALT); (3) aspartate aminotransferase (AST); (4) alkaline
phosphatase (ALP); (5) gamma-glutamyl transferase (GGT); and (6) lactate dehydrogenenase
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(LDH). The A/G ratio represents an overall protein level that decreases in conditions that interfere
with protein production (e.g., severe liver damage) [37]. ALT is an enzyme found mostly within
hepatocytes that increases with liver damage [38]. AST is an enzyme found within hepatocytes
(i.e., liver cells) that increases with liver or skeletal muscle injury [39]. ALP is an enzyme that
increases in conditions of liver disease or bone disorders [40]. GGT is an enzyme that is elevated
in the presence of diseases that cause damage to the liver or bile ducts [41]. LDH is an enzyme
with increased levels caused by a wide variety of conditions including acute liver disease [42].
Normal ranges for these biomarkers are summarized in Table 3.

Table 3. Liver Injury Biomarkers Normal Ranges for Domestic Swine.

Biomarker Lower Value Upper Value Unit Reference

A/G Ratio 0.45 1.08 unitless [43]

ALT 0 103 U/L [44]

AST 0 125 U/L [44]

ALP 0 300 U/L [44]

GGT 0 82 U/L [44]

LDH 0 1893 U/L [44]

2.4.2. Histopathalogy analysis

The presence of hemorrhage, inflammation, fibrosis, and necrosis was qualitatively assessed
by haematoxylin and eosin (H&E) staining to determine the local effect of laser application
on the liver tissue defined as absent, minimal, mild, moderate, or severe. Necrosis was
defined by loss of hepatocellular integrity with nuclear loss or pyknosis and disruption of cell
membranes. Hemorrhage was defined as extravasation of red blood cells into perivascular tissues.
Inflammation consisted of aggregates of neutrophils and/or lymphocytes and macrophages within
tissue. Fibrosis is attributed to the excess deposition of extracellular matrix components including
collagen [45]. All histopathology analyses were performed by co-author S.B., a board-certified
veterinary pathologist.

3. Results

3.1. Simulation-based skin and liver laser damage assessments

Figures 2(a-c) show Monte Carlo simulation results for human skin, human liver, and swine
liver tissues, from left to right, respectively, for a 1-cm tissue depth. To quantify and compare
subsurface locations that were representative of areas with the largest fluence, the mean and
standard deviation of fluence within the outlined regions (i.e., within 2 mm from the tissue
surface) were computed, as shown in Fig. 2(d). The skin tissue had higher fluence levels when
compared to the human liver tissue and swine liver tissue. These distinct fluence profiles indicate
substantial differences in laser interaction between skin and liver tissues, motivating further
empirical assessments of liver-specific laser damage.

3.2. Fluctuations in applied laser energy

Figure 3 demonstrates the minimal fluctuations in laser energy observed throughout each
experiment. Specifically, Fig. 3(a) shows one example of the energy as a function of time during
the 10 minute laser application for Swine 1. Figure 3(a) includes the pulse-to-pulse measurements,
the sliding-average over 50 pulses, the mean energy, and the allowable tolerance on the mean
energy. Figures 3(b) and 3(c) show a summary of the consistent energy levels applied to the
liver lobes for each laser application for non-survival and survival swine, respectively. The
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Fig. 2. Simulated fluence profiles for (a) human skin tissue, (b) human liver tissue, (c)
swine liver tissue. (d) Mean ± one standard deviation of fluence measured within the regions
of interest outlined on each simulated profile result.

box-and-whisker plots show the median (horizontal line) and the upper and lower quartiles of the
energy at each laser site (upper and lower edges of each box). The interquartile ranges varied
from 2.2 mJ to 5.8 mJ, demonstrating minimal variations in laser energy application, despite the
lengthy application durations, which would otherwise suffer from energy drift without the energy
compensation methods described in Section 2.2.

Fig. 3. (a) Example of laser energy fluctuation during a 10-minute laser application for
Swine 1, showing the pulse-to-pulse measurements, the sliding-average over 50 pulses, the
mean energy, and the allowable tolerance on the mean energy. Summary of energies applied
to each laser site within (b) non-survival, and (c) survival swine. Note that Swine 6 did not
have an accessible right lateral lobe.
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3.3. Blood biomarker analysis

Figure 4 shows the biomarker results over six weeks of blood draws for Swine 4-6. The measured
biomarker levels for Swine 4-6 were within the normal ranges, with the exception of the A/G
ratio for Swine 5, which exceeded the threshold on day 31. However, the A/G ratio for Swine 5
returned to the threshold level by the day 42 blood draw.

Fig. 4. Biomarker results with the upper bounds of normal ranges indicated by the horizontal
line.

3.4. Histopathology results

Table 4 summarizes the histopathology findings for lasered and control regions from each swine.
The rows denote the different liver lobes evaluated for each swine and the columns denote
histology results, ordered by swine number. No swine experienced tissue necrosis, which is
considered to be most indicative of laser-related tissue damage. Swine 1 experienced mild
inflammation on the left medial lobe exposed to 20 minute laser duration and on isolated regions
of the left lateral lobe exposed to 10 and 20 min laser durations (i.e., 3 out of 6 laser application
sites total). Otherwise, there were no significant findings in the histopathology results for this
swine. Swine 2 and 3 experienced minimal to moderate hemorrhage on 8 out of 12 laser
application sites and minimal to mild inflammation on 6 out of 12 laser application sites, as
indicated in Table 4. Although Swine 4-6 experienced no tissue necrosis, these swine exhibited
other pathology, including acute hemorrhage varying from minimal to moderate (7 out of 17 sites
total), with one additional control site in Swine 6 showing minimal hemorrhage and one laser
site in Swine 6 showing severe hemorrhage. The severity of the hemorrhage was uncorrelated
with laser duration time. In addition, fibrosis was present on 2 out of 35 laser sites across Swine
1-6 combined. The implications of these results are discussed in Section 4..

Figure 5 shows example histopathology results after H&E staining at 10x magnification for
multiple levels of the pathology described in Table 4. One example slide was taken from each
swine. The top row of Fig. 5 shows no significant findings (Swine 2), mild inflammation (Swine
1), and minimal hemorrhage (Swine 3), from left to right, respectively. The bottom row shows
mild hemorrhage (Swine 5), moderate hemorrhage (Swine 4), and severe hemorrhage (Swine 6),
from left to right, respectively.

Figures 6(a) and 6(b) show example areas of post-surgical fibrous adhesions on the right
medial and left lateral lobes of Swine 4 and Swine 6, respectively, as indicated by the outlined
regions. The fibrotic tissue coincides with the laser sites in Figs. 6(a) and 6(b). The extensive
fibrous adhesions between the abdominal wall and the left lateral lobe resulted in tearing of the
tissue when the liver was resected from the abdomen, as shown in Fig. 6(b). This site of fibrous
adhesions and tearing was associated with the 10 minute laser application site that showed severe
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Table 4. Summary of hemorrhage, inflammation, and necrosis observed after the
histopathological analysis of lasered and control tissues. LM = left medial, LL = left lateral, RM =
right medial, RL = right lateral. Pathology is indicated as absent (-), minimal (shaded -), mild (+),

moderate (++), or severe (+++). Note that the RL lobe of Swine 6 was inaccessible, and
corresponding results are therefore reported as n/a.

Necrosis Hemorrhage Inflammation FibrosisRecovery
Period

Laser
Duration

Lobe
1 2 3 1 2 3 1 2 3 1 2 3

Control Caudate - - - - - - - - - - - -

20 min LM - - - - - - + - - - - -

20 min LL - - - - - ++ + - - - - -

10 min LM - - - - ++ + - - + - - -

10 min LL - - - - - - + - - - - -

1 min RM - - - - - ++ - - - - - -

Non-

Survival

1 min Quadrate - - - - - + - - - - - -

4 5 6 4 5 6 4 5 6 4 5 6

Control Quadrate - - - - - - - - - - - -

10 min RM - - - - - ++ - - - + - -

10 min RL - - n/a - - n/a - - n/a - - n/a

10 min LM - - - ++ ++ ++ - - - - ++ -

10 min LL - - - - ++ +++ - - - - - -

1 min LM - - - - + - - - - - - -

Survival

1 min LL - - - - - + - - - - - -

Fig. 5. Sample H&E slides showing varying levels of inflammation and hemorrhage. The
images in the top row were taken from the Swine 2 (right medial, 1 min), Swine 1 (left
medial, 20 min), and Swine 3 (left lateral, 10 min), from left to right, respectively. The
images in the bottom row were taken from Swine 5 (left medial, 1 min), Swine 4 (left medial,
10 min), and Swine 6 (left lateral, 10 min), from left to right, respectively.
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hemorrhage in Table 4. For comparison, Fig. 6(c) shows the right lateral lobe without any fibrous
adhesions.

Fig. 6. Liver surfaces after resection of (a) the right medial lobe of Swine 4 (shown with
tissue dye applied), and (b) the left lateral lobe of Swine 6, which contained fibrous adhesions
attached to the lower half of the lobes as indicated by the yellow outlined regions. (c) The
right lateral lobe of Swine 4 (after the application of tissue dye) is shown for comparison,
representing a liver lobe surface with no fibrous adhesions.

4. Discussion

This paper presents the first known quantitative and qualitative analyses of the effect of laser energy
applied to in vivo liver tissue. The associated results demonstrate the need for tissue-specific laser
safety limits under temporal and energy requirements that are of interest for photoacoustic-guided
liver surgeries. Across six swine studied for these analyses, laser-related damage was considered
absent, as indicated by the lack of tissue necrosis findings after laser application, which is also
supported by the totality of the biomarker results. The hemorrhage and inflammation reported in
Table 4 are attributed to the resection methodology and fibrous adhesions commonly found after
surgery, as discussed in more detail below.

Considering that the swine liver is expected to regenerate after four weeks [36], one goal of our
studies was to determine whether possible laser-related tissue damage would recover over time
by comparing results from Swine 1-3 (which had no recovery period) to results from Swine 4-6
(which had a 6-week recovery period). The minimal to moderate hemorrhage observed during
the histopathological analysis of Swine 1-3 was likely caused by resecting the tissue while the
animals were alive, as excessive bleeding was observed intraoperatively. Similarly, the minimal
to severe hemorrhage observed in the histopathological analysis of Swine 4-6 was likely caused
by separating the liver from the abdominal wall, as these two structures were connected by the
fibrous adhesions commonly caused by open abdominal surgeries. In addition, the sub-capsular
hemorrhage observed in Swine 4-6 was acute, and hemorrhage was present on the control region
of Swine 6, although no laser was applied. Therefore, we further suspect that the hemorrhage
was associated with the multifocal fibrous adhesions and not directly caused by laser application.
The minimal to mild inflammation reported in Table 4 is likely caused by handling during the
non-survival surgeries, because this pathology was absent from the survival surgeries performed
on Swine 4-6, and these survival swine were euthanized prior to tissue handling and resection.

While results from the non-survival studies (i.e., Swine 1-3 in Table 4) indicate the potential
of safely using imaging durations up to 20 minutes, this time interval was not repeated for the
survival studies (i.e., Swine 4-6) in order to focus the limited time and resources available for



Research Article Vol. 12, No. 3 / 1 March 2021 / Biomedical Optics Express 1214

the recovery studies on the shorter laser application durations (i.e., 1 minute and 10 minutes).
Sustained damage after 6 weeks under these shorter temporal durations would have implied
expected damage at the lengthier temporal durations. With newfound awareness of the minimal
damage observed after recovery from the shorter temporal laser application durations, future
work can possibly repeat the 20 minute laser application interval and allow a recovery period
before assessment to determine safety.

In comparison to the previous photoacoustic-guided liver surgery study from our group
[22], which showed significant tissue damage after laser application (i.e., degeneration/necrosis,
inflammation, and hemorrhage), the results presented in this manuscript demonstrate that when
using the minimum energy identified for photoacoustic target visualization and differentiation
(i.e., 30 mJ) and with more realistic temporal durations for imaging blood vessels in the liver
during surgery (i.e., 1, 10, and 20 minutes), the level of tissue pathology can be mitigated.
Therefore, these results represent a new opportunity to define laser safety limits for liver tissues
and support the introduction of a maximum limit that exceeds the existing limit for human skin.
The potential for this new limit is additionally supported by differences in the fluence profiles
between human skin and liver tissue shown in Fig. 2.

The empirical combination of Monte Carlo simulations, biomarkers, and histopathological
analyses has the potential to be extended to additional tissue types, laser wavelengths, laser
energies, and laser application durations to expand our understanding of appropriate laser safety
limits under these multiple conditions. While laser-related damage to individual cells has been
studied in the past [46,47], the presented approach to studying bulk tissue responses considers the
thermal dissipation and other related effects that are not present with individual cells. Therefore,
the methods we devised to assess potential laser-related tissue damage represent new protocols to
study and assess tissue-specific laser safety.

While our results from 41 total liver samples from six swine indicate the potential of raising
the laser safety limit in liver tissue, additional studies with larger sample sizes are likely required
to support tissue specific laser safety standardization changes. In addition, the presented series
of experiments has the limitation of possible uncertainty when marking the region of tissue to
analyze, which was particularly challenging in the swine with a post-surgical recovery period.
However, when re-identifying the lasered spot, we used anatomical landmarks, photographs, and
detailed notes to mitigate potential errors. Therefore, we are confident that the correct region was
analyzed. It is also possible that the fiber bundle used during our experiments contained at least
one hot spot of higher fluence with respect to neighboring regions. However, the presence of a hot
spot could be considered a worst-case scenario, and our results are nonetheless encouraging to
support higher laser energies under this possible condition. Another possible limitation is that the
histopathology results are qualitative, and quantitative assessments are ideally preferred. Hence,
we included biomarkers to add a global quantitative assessment. Future work may additionally
include a local quantitative assessment such as immunohistochemistry analysis.

5. Conclusion

The results of this investigation into tissue-specific laser safety provided qualitative and quantitative
assessments of the effects of approximately 30 mJ laser energy applied to in vivo liver tissue
for temporal durations ranging from 1 to 20 minutes. We demonstrated that liver tissue can
be exposed to fluence levels above the recommended safety limits for skin with no necrosis
and generally normal biomarker levels from the commencement to the culmination of a 6 week
monitoring period. These results suggest that the safety limit may be raised for photoacoustic
imaging in the liver. We have also achieved a novel experimental protocol for in vivo, bulk tissue,
empirical evaluations of laser safety that minimizes tissue handling and reliably identifies lasered
regions, which may be applied to investigate safety limits for other tissue types.
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